The interaction of noise with a variety of other agents and with some physical characteristics of the individual to produce noise-induced hearing loss is reviewed critically. The review is restricted, for the most part, to publications since 1970. Other agents interacting with steady-state noise that are reviewed here include: {1) ototoxic drugs {kanamycin, neomyein, ethacrynie acid, furosemide, and salieylates), {2) impulse noise, and (3) whole-body vibration. Physical characteristics of the individual that are reviewed are: (1) age, (2) presence of previous hearing loss from prior noise exposure, (3) eye color, and {4) race. Suggestions for future research in this general area are also made. Some of these suggestions are as follows: (1) to extend studies of the interaction of steady-state noise with impulse noise, salieylates, and whole-body vibration to encompass a broader range of exposure conditions, including exposure conditions typically encountered by the worker, {2) to develop an animal model of presbyeusis to explore the interactions of noise-induced hearing loss and presbyeusis, and {3) to explore the potential interactions resulting from concurrent exposure to multiple agents, such as impulse noise and ototoxie drugs, in younger, more susceptible animals.
INTRODUCTION
The hazardous effects of noise on hearing have been of interest for over a century. Over the past few decades we have gained considerable insight into the mechanisms and features of noise-induced hearing loss. For a variety of reasons, much of our present knowledge about noise-induced heating loss, whether temporary or permanent in nature, has been concerned with continuous exposures to steady-state sound {typically a noise of some type or a pure tone). 
I. INTERACTIONS WITH OTHER AGENTS
For the purpose of this review an agent is said to "interact" with noise if the damage (assessed with anatomical, physiological, or behavioral methods) resulting from exposure to both agents is greater than that produced by either agent acting by itself. This is also referred to frequently as "poten~ fiation" of the damage due to noise by the other agent. "Additivity" is a special case of interaction in which the total damage resulting from an exposure to both agents is approximately equal to the sum of the effects due to either agent alone. Finally, a "synergistic" effect is another special type of interaction in which the damage produced by their combined presentation exceeds that predicted by additivity. In most cases of synergy reviewed here, additivity predicted no 1983) a within-subjects design was used in which the same subjects were exposed to each agent separately and then both in combination. This is possible in that both the noise exposure and salicylate intoxication produce only temporary loss of hearing. Hence, one agent can be applied and following recovery the second agent or a combination of agents can be applied. The study by Woodford et al. (1978) on the other hand, utilized a between-subjects design in which small groups (n = 5) of animals were subjected to either agent alone or both agents in combination. The significant variability observed in the animals exposed to noise alone makes any conclusions drawn from the mean data for each group somewhat tenuous. If between-subject designs are used to explore the noise/salicylate interaction, then it would seem that the large individual differences in response to noise alone would dictate the use of 15-20 animals per group.
Chen and Aberdeen {1980) used five groups, each cont•|nirlg approximately 25 animals, to study the interaction of noise with salicylate. These investigators observed sequential effects in the resulting interaction. The greatest interaction was observed for noise exposure 6 h after injection of sodium salicylate. Injections 24 h prior to exposure and at both 1 and 24 h following exposure resulted in less interaction. The uniqueness of the behavioral measure of hearing damage (priming for andiogenic seizure) and the sound expo- 'sure stimulus (a 127-dB "bell sound"), however, necessitates further examination of sequential effects/n the/nteraction of no/se w/th salicylate. It is interesting that although sequential effects were apparent in the interaction of noise and kanamycin, the direction of the sequence observed there was opposite to that observed for salicylate. Specifically, whereas interaction was apparent when noise exposure was followed by kanamycin intoxication, interaction appears to be greatest for salicylates when the drug precedes the nohe exposure. The studies on the interaction of noise with salicylate need to be expanded to systematically encompass a broader range of combinations of noise exposure and drug dosage. In ß •idition, more research w/th human subjects could be conducted because of the reversible nature of the hear/rig loss. Of the four studies appearing in Table II The interaction of steady-state noise and impulse noise has been the topic of at least eight investigations over the past decade. Eight of these studies, four of which were conducted at the same facility, are summarized in Table IlL Four of the eight studies outlined in Table III fore, that the TTS for the combined exposure is greater than that from either agent alone. For the most part, the studie/ reporting no interaction employed an hnpulse level that was much lower than in the remaining investigations.
The results from the three studies that support an interaction of steady-state and hnpulse noise can be generally summarized by stating that interaction occurs when the two types of noise exposure overlap in time (i.e., apparently there are no sequential effects) and the impulse level equals or exceeds 147 dB. The value of 147 dB appears to be a critical value for the chinchilla when permanent effects, as measured either by behavioral thresholds or cytocochleogra. m.% are used to determine the presence of an interaction. When temporary threshold shift is used as the measure of interaction, then 137 dB appears to be more appropriate. Finally, the study byBlakeslee et al. (1977} suggests that interaction is reduced as the degree of spectral overlap between the two noises is reduced.
The use of a between-subject design and mean data from small groups (n --5) in the studies demonstrating inter- Table IV, Despite the divergent experimental conditions and methods employed in these four investigations, they all report that hearing loss is greater for noise exposure administered during whole-body vibration than administered alone. In only one study did exposure of the subject to vibration alone produce any loss of hearing (Okada et aL, 1972b ). This hearing loss, however, was very slight (5 dB) and temporary. Hence, interaction is evident when the hearing loss resulting from noise and vibration is greater than noise alone. Of the two studi• using humans as subjects the least convincing The influence of the subject's age on subsequent noiseinduced damage to the auditory system is a topic that has received much attention during the past decade. Studies of this kind can be divided into two types according to the end of the age continuum wit h which they have dealt. Table V summarizes l 1 studies dealing with the young end of the age continuum. Each study in Table V Ol•e can $nmmal'ize the data best by stating that, once the peripheral auditory system is fully developed, the younger the animal, the greater the damage from noise exposure. In apparent opposition to this conclusion is the evidence supporting the existence of a "critical period" of susceptibility to noise-induced heating loss in the mouse and the hamster middle ears of animals younger than 35 days. We•ter (1982) indicates, moreover, that the middle ear of the mouse is not mature until approximately 18 days of age. Thus this same explanation applies to the critical period observed in the data from mice. The critical period, therefore, is not interpreted as an exception to the generalization described earlier.
At least four investigators have examined the issue of the interaction of noise with whole-body vibration. As indicated in
In light of the very strong support for the existence of age-dependent change in susceptibility to noise-induced hearing damage one might ask whether a similar effect manifests itseft in some of the interactions of other agents with noise. Apparently this question has not been posed previously. It is nonetheless an important consideration. Many neonates in intensive care units, for example, are exposed to a fair amount of noise. This is demonstrated in Table VI, which summarizes several studies of noise levels in neonatal intensive care units. The neonate is subjected to these noise levels 24 h/day typically for 3-4 weeks while simultaneously being administered antibiotics such as kanamycin. Moreover, the data from Bess et al. 11979) indicate that the neonates are also frequently subjected to impulsive sounds approximating 130-140 dB SPL. The noise/drug and noise/ impulse interaction has been reviewed above. The issue raised here is whether the magnitude of these interactions is increased further for younger animals. In this regard, it is of interest to note that Bernard (1981) Turning now to the other end of the age continuum, the issue of the interaction of age with noise-induced hearing loss has received surprisingly little attention. Table VII The studies by Macrae 11971) and Welleschik and Raber (1978} indicate that the loss of hearing associated with the aging process (presbycusis} interacts with that due to noise exposure. More specifically, both studies support the concept ofadditivity between presbycusis and noise. That is, the hearing loss due to noise alone and that due to age alone add to describe the loss from both factors together. This finding is consistent with the previous work of Mo!lica (1969).
Novotny's survey (1975b) of a smaller number of industrial workers (n ----80}, however, failed to observe additivity. The ' hearing loss observed in two different age groups exposed to presumably identical noise for either 5 or 10 years was the same for both age groups despite the presence ofpresbycusis in the older group. Novotny (1975b} has also observed no difference in temporary noise-induced hearing loss for young and elderly adults.
Data on the interaction of presbycusis and noise exposure are of considerable practical importance. For example, additivity of presbycusis and hearing loss due to noise exposure is assumed in the determination of the amount of compensable hearing loss to which an employee is entitled. If a threshold of 40 dB HTL is measured in the high frequencies for a 60-year-old industrial employee and 25 dB of hearing loss is expected due to age alone, then 15 dB of hearing loss (40-25 dB) would be ascribed to exposure to industrial noise.
Aside from the issue of the determination of compensable hearing loss, the interaction of presbycusis and noise-induced hearing loss permeates virtually all large-scale retrospective studies of noise-induced hearing loss in man. Hearing levels in such studies are "age corrected" by subtracting presbyeusis values from the measured hearing levels. Thusadditivity is assumed.
If an appropriate animal model of presbycusis can be found, then the issue of additivity can be addressed more directly. One possible approach would be as follows. A noise-induced hearing loss would be created in young animals (adults), and then the animals, as well as a group of nonexposed control animals, would be followed longitudinally. A second approach would be to expose separate groups differing in age and, therefore, pre-exposure hearing loss (otherwise no presbycusis), to the same noise, and to observe the differences in resultant hearing loss and underlying damage. A control group for each age studied would also be needed.
B. Previous noise-induced hearing loss
At least six separate investigations have addressed the issue of whether noise exposure interacts with preexisting noise-induced hearing loss to produce greater loss of hearing than that observed in normal hearers (essentially the "noise exposure alone" condition). Table VIII Table VIII is an interesting one. Voidrich demonstrated a sequential interaction between pre-existing injury and subsequent noise exposure.
The novel feature of thi.
• study is that the exposure producing the "preexisting injury" was followed immediately by the experimental noise exposure. The region of injury was extended considerably when a moderate level noise exposure was preceded imm•ately by a more intense exposure to the same noise than when either noise was presented alone. A small number of animals were tested, however, and the procedures and results were not described in detail. The findings of Voidrich (1979}, therefore, need to be replicatted.
C. Degree of melanlzatlon
Melanin is a substance present in the inner ear that is thought by some to be important for normal physiological function (Fisch, 1959) . Melanin in the iris of the eye and in the skin is responsible, in large part, for the pigmentation of these two organs. Considering eye color first, several investigators have suggested, on the basis of noise exposure experimenCs, that those individuals having less melanin content in the iris (blue or grey eyes) exhibit greater noise-induced hearing loss than those with greater melanin content (brown eyes). This notion was apparently first advanced by Tota and Becel {1967). Ta In the study by Carlin and McCroskey (1980) a retrospective analysis of the hearing levels of 100 employees of an oil refinery indicated that grey-eyed subjects exhibited greater hearing loss than either blue-eyed or brown-eyed subjects. There was no difference, however, for blue-eyed and brown-eyed subjects. The grey-eyed subjects, however, were much smaller in number (n ----12 vs n ----33--40), approximately 5-8 years older, and exposed to noise 3-5 years longer than the other two groups. Perhaps these factors are responsible for their higher hearing levels.
Several investigations of this issue, summarized in
In summary, eye color does not appear to interact with noise exposure. This is especially true for noise exposures more representative of industrial or military settings.
As mentioned previously, melanization also manifests itseffin skin pigmentation (darker pigmentation corresponding to greater melanization). Karsai et al. (1972) and Royster et aL (1978} both observed greater loss of hearing in white workers than in black workers in retrospective studies of hearing levels in' industrial populations. Thus it would appear that those employees having greater melanization evidence less hearing loss from industrial noise exposure than those having less melanin in their systems. More recently, however, Royster and Royster {1982} indicated that black individuals may not necessarily have less industry-related noise-induced hearing loss. When hearing thresholds from an industrial noise-ex• population are compared to those from a nonindustrial noise-exposed population that has similar histories of ear disease, recreational noise exposure, etc., they show that approximately the same amount of industry-related noise-induced hearing loss was observed for both white and black workers. The race difference in hearing thresholds for the nonindustrial noise-exposed individuals, however, has not been explained fully.
The assumption underlying the hypothesis that interactions of eye color and' race with noise-induced hearing loss are due to difference in melanin content of the inner ear assumes that melanin content of the iris and skin accurately reflects the melanin content of the inner ear. This assumption has received only limited attention (Bonacorsi, 1965) . A further assumption is that cochlear melanir• is important physiologically.
III. SUMMARY
The recent literature on the interactions of other agents and physical characteristics of the individual with noise-induced hearing loss has been reviewed. Interactions appear to exist between exposures to steady-state noise and several ototoxic drugs (kanamycin, neomycin, and sodium saucylate). Evidence also supports the existence of an interaction between steady-state noise and impulse noise, although apparently only for restricted conditions (impulse level> 147 dB SPL and spectral and temporal overlap ofthe two noises). The presence of an interaction between noise and wholebody vibration is less well established. Regarding interaction with physical characteristics of the individual, the characteristics of age, previous noise-induced hearing loss, eye color, and race were reviewed. The only clear interaction was with age. Younger animals tended to be more susceptible to noise damage than adults. 
